A facility with a horizontal beam for radiobiological experiments with heavy ions has been designed and constructed at the Heavy Ion Laboratory in Warsaw University. The facility is optimal to investigate the radiobiological effects of charged heavy particles on a cellular or molecular level as in the region of the Bragg peak.
INTRODUCTION
The use of heavy ions from particle accelerators has enjoyed extensive interest for biophysical experiments over the past years. The radiobiological effects of charged heavy particles on a cellular or molecular level are of fundamental importance in the field of biomedical applications, especially in hadron therapy and space radiation biology (1) . The main aim of the work was to set up a facility for radiobiological experiments for different ionising particles in the region of the Bragg peak.
Irradiation facility
In the design process the cardinal assumption was made that the facility will be used for irradiation of biological samples under physiological conditions by various ions at a wide range of LET. The U-200P cyclotron of the Heavy Ion Laboratory provides heavy ions from B up to Ar with energies from 2 to 10 MeV amu À1 . At this facility almost all types of ions which are potentially used in hadron therapy can be accelerated, so different radiobiological experiments covering a wide range of LET values are possible. A set-up with a horizontal beam has been constructed.
The ion beams are transported from the cyclotron area to the set-up by a horizontal beam line with conventional beam tuning components (Figure 1 ). To achieve a homogeneous radiation field over the area of the exit window the beam is passively spread out by a scattering foil of high atomic number material with appropriate thickness (2) . Usually, gold scattering foils in the 3.5-50 mg cm À2 thickness range are used. The ion beam intensity is measured on-line by an integral monitoring system of two silicon detectors placed inside the scattering chamber at angles of 15 and 20 . The beam parameters are also examined with separate measurements by a removable diagnosis system following the exit window.
The beam extraction in air is performed through a square window, 1 Â 1 cm 2 sealed by a Havar foil with 2.45 mg cm À2 thickness. The foil is cemented to a stainless steel flange using epoxy glue. The thickness of this foil prevents the rupture of the window due to the pressure gradient.
The Monte Carlo (MC) simulation of the lateral spread of ions passing through a layer of matter was the basis of our experimental set-up. We simulated the ion beam spreading as a result of the multiscattering small-angle process of selected ions passing through the matter (various scattering foils, Havar foil of the chamber window, the air gap between the chamber window and the bottom of the petri dish). The MC simulation shows that the adopted experimental geometry results in an overall beam homogeneity better than AE2.5% over the 1 Â 1 cm 2 exit window at 0 to the beam direction and a distance of 2.3 m from the scattering foil. According to experimental requirements for different beam types and energies a suitable scattering foil can be put into the beam line using a multiposition foil changer.
Beam monitoring and dosimetry
The facility is able to deliver various ion beams from B up to Ar with an energy up to $10 MeV amu À1 with a dose rate of to 10 Gy min À1 and exposure times of 30 s to 10 min. Two independent detector systems for the beam diagnosis and for the beam monitoring were used: a Si-detector measuring the particle flux at the position of the cell container and two on-line detectors monitoring the particle flux by intensity of the scattered particles.
The intensity and the distribution of the scattered ion beam was measured outside of the exit window (at the position of the petri dish holding the cells) by a surface-barrier silicon detector fastened to a x-y-z sliding table and moving across the twodimensional array centres distant each of other by 0.5 mm. To reduce the count rate and to obtain information about particle flux from the fine window area an Al collimator with opening diameter of 0.5 mm was placed in front of the detector. The fast electronic circuit of the charge sensitive preamplifier allows rates up to 10 5 particles s À1 without intolerable losses.
The detectors mounted stationary in the scattering chamber at the angles of 15 and 20 measure on-line the intensity of scattered ions at the scattering foil during cell irradiation. To reduce the count rate, collimators with 2 mm diameter apertures were placed in front of each detector. The typical spatial intensity distribution of the scattered beam of 12 C ions over the exit chamber window area, measured by a silicon detector in air at the biological sample position, normalised to the yield of on-line scattered particles at the 15 is presented in Figure 2 . Combining scattering of the beam with mechanical displacement of the detector, the beam uniformity of 2.5% over an area of 6 Â 6 cm 2 was obtained.
The experimental set-up, its electronic system and the programmable movement of the x-y-z stepping motor were tested in separate measurements of the ion intensity distribution of the scattered beam using X-ray films (type CP-BU New Agfa). The result of the 6 Â 6 cm 2 area irradiation by 12 C ions with their final energy at the film of E f ¼ 11.8 MeV is shown in Figure 3 .
The number of preset counts from the monitor detector represents the irradiation dose deposited at the probe. The dependence of the ion dose deposited at the X-ray film placed at the position of biological samples on the optical density of the X-ray films used was examined over the range of 0.08-19.2 Gy and the results are plotted at Figure 3b .
CONCLUSIONS
The radiobiological facility at the Heavy Ion Laboratory is operational. The facility allows to vary the available energy for radiobiological experiments in the range of $2-10 MeV amu 
